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a  b  s  t  r  a  c  t
This  work  examines  the  surface  fractal  dimensions  (Df)  and  textural  properties  of  three  different  alkaline-
earth  hydroxyapatites.  Calcium,  strontium  and  barium  hydroxyapatite  compounds  were  successfully
synthesized  via chemical  precipitation  method  and  characterized  using  X-ray  diffraction,  scanning
electron  microscopy,  energy  dispersive  X-ray  spectrometry,  Fourier  transform  infrared  spectroscopy,
and  N2-physisorption  measurements.  Surface  fractal  dimensions  were  determined  using  single  N2-
adsorption/desorption  isotherms  method  to quantify  the irregular  surface  of as-prepared  compounds.
The  obtained  materials  were  also  characterized  through  their  surface  hydroxyl  group  content,  deter-
mined  by the  mass  titration  method.  It was  found  that the  Df values  for the  three  materials  covered  the
range  of 0.77  ± 0.04–2.33  ±  0.11;  these  results  indicated  that  the materials  tend  to  have  smooth  surfaces,extural properties
RD
TIR
except  the irregular  surface  of barium  hydroxyapatite.  Moreover,  regarding  the synthesized  calcium
hydroxyapatite  exhibited  better  textural  properties  compared  with  the synthesized  strontium  and  bar-
ium  hydroxyapatites  for  adsorbent  purposes.  However,  barium  hydroxyapatite  shows  irregular  surface,
indicating  a high  population  of active  sites  across  the surface,  in  comparison  with  the others  studied
hydroxyapatites.  Finally,  the  results  showed  a linear  correlation  between  the  surface  hydroxyl  group
content  at the external  surface  of materials  and  their  surface  fractal  dimensions.
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. Introduction
The synthesis and characterization of a new material suitable
or use as a potential adsorbent during an adsorption process as a
echnique for wastewater treatment are essentially the ﬁrst steps
o develop and understand a retention process. In this context,
t is widely recognized that the textural or surface properties of
aterials are crucial for removing a speciﬁc contaminant from
queous media [1]. Indeed, these textural and surface proper-
ies of materials strongly depend directly on their method of
reparation and starting chemical precursors used [2]. In recent
ears, rapid technological development has led the use of new
aterials with optimum characteristics for use as adsorbents. For
nstance, many inorganic materials are successfully used to remove
peciﬁc undesirable contaminants present in many wastewater
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treatment systems, including agricultural, municipal, industrial,
and nuclear wastewaters [3]. Some of those potential materi-
als used as adsorbents include activated carbon, metallic oxides
and oxyhydroxides, carbonates, and calcined phosphates [4]. Cal-
cined phosphate compounds, recently have shown considerable
promise to play an important role in environmental remedia-
tion, due to their chemical, surface, and structural properties [5].
For this reason, the selection of a speciﬁc solid to explore its
adsorption capacity highly depends on its textural and surface
properties; therefore, detailed knowledge of these properties is
needed.
The hydroxyapatites in the present study are calcined alkaline-
earth phosphates with the chemical formula M10(PO4)6(OH)2,
where M = Ca, Sr, or Ba. These materials are part of apatites group
with hexagonal structures and are present in rocks and sediments
[6]. They exhibit a very low water solubility (∼Ksp < 10−40) under
alkaline conditions, are available at low cost, and exhibit high
thermal and chemical stability, inﬂuenced by their composition
and synthesis methods [7]. Abundant data exist on natural or
Open access under CC BY-NC-SA license. synthetic calcium hydroxyapatite preparations with different
characteristics for applicability in various technologies, includ-
ing as bone substitutes and for treatment of liquid waste [8,9].
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ydroxyapatites synthesis, or their surface and microstructural
haracterization and over-all surface fractal dimensions.
In the case of an adsorption process, the fractal dimension (Df) is
ssociated with surface active sites (functional groups as carbonyl,
arboxyl, and hydroxyl, among others), presents on solid adsor-
ent surface, which are available for intimate chemical, physical, or
echanical interaction with a variety of chemical species (anions or
ations) present in aqueous solutions. Their magnitude is relevant
or many important physicochemical processes (i.e., adsorption,
dhesion, surface diffusion, and catalysis) according to Farin and
vnir [10]. Considering such surface irregularities at the atomic or
olecular level, solid surfaces may  exhibit surface fractal dimen-
ions in the complete range 2 ≤ Df < 3; where Df ≤ 2 is for regular
r perfectly smooth surfaces, intermediate Df values for irregular
urfaces and Df = 3 for highly irregular surfaces [11].
Therefore, this study was dedicated (a) to textural characteriza-
ions of three different alkaline-earth hydroxyapatites synthesized
ia chemical precipitation, in order to understand as these textu-
al properties could be determining in adsorption processes, (b) to
he determination and discussion of the fractal dimensions of these
eramics, and (c) to correlation the surface fractal dimensions of as-
repared alkaline-earth hydroxyapatites with their hydroxyl group
active sites) content available at their external surface.
. Materials and methods
.1. Preparation of alkaline-earth hydroxyapatites
All alkaline-earth hydroxyapatite compounds were chemi-
ally prepared via the chemical precipitation method, followed
y calcination according to the procedure reported by Kanna
t al. [12]. Appropriate high purity metal nitrates; calcium nitrate
etrahydrate Ca(NO3)2·4H2O (Aldrich), strontium nitrate tetrahy-
rate, Sr(NO3)2·4H2O (Aldrich), barium nitrate tetrahydrate,
a(NO3)2·4H2O (Aldrich), and diammonium hydrogen phosphate
NH4)2HPO4 (Aldrich) were used for the synthesis as starting
hemical precursors of analytical grade without further puriﬁca-
ion. When separated, diammonium hydrogen phosphate solutions
ere added to stoichiometric proportions of respective alkaline-
arth metal nitrates dissolved in deionized water; the pH of each
olution was adjusted to pH 9.0 with 0.1 M NH4OH solution. The
ixtures were maintained under constant stirring for 20 h at room
emperature. The liquid and solid phases were separated by cen-
rifugation. Then, the resultant solids were ﬁltered, washed with
bundant deionized water, dried in oven at 120 ◦C for 3 h, and ﬁnally
alcined at 1000 ◦C for 3 h. The resulting alkaline-earth hydroxyap-
tite powders were used for further characterization and surface
ractal dimensions studies. For these purposes, several homoge-
eous as-prepared samples have been investigated in order to
utline the general physicochemical makeup of various coating,
nd data were considered representative of a bigger sample. Then,
ll experimental data were considered as the average of tripli-
ate determinations; a good reproducibility was obtained; standard
eviations were usually less than 5% of mean values.
.2. Characterization
The crystallinity and the purity of the calcium, strontium, and
arium hydroxyapatites as-prepared powders were evaluated by
-ray diffraction (XRD) analysis using a Siemens D-5000 diffrac-
ometer connected to an X-ray tube of copper anode. The K˛ was
elected by means of a monochromatic of diffracted beam. The
iffraction patterns were scanned with a sweep of 5–70◦ in 2
ngles with a ramp of 0.035◦/7 s. The obtained spectrums wereace Science 279 (2013) 97– 102
compared with the Joint Committee on Powder Diffraction Stan-
dards (JCPDS) ﬁles.
The surface physical morphology of these alkaline-earth
hydroxyapatite synthesized powders were analyzed by using the
scanning electron microscopy (SEM) technique (JEOL-JMS 5900 LV).
Energy dispersive X-ray spectrometry (EDS) analysis for chemical
composition was  recorded for the as-prepared hydroxyapatites in
5900 JEOL JMS-LV.
Fourier transform infrared spectroscopy (FTIR) studies were
performed to study the surface functional groups of the alkaline-
earth hydroxyapatites, with a scanning range of 4000–500 cm−1 by
using a spectrophotometer (Nicolet Magna 550); the samples were
mixed to KBr in the conventional way.
The speciﬁc surface areas were computed by the Brunuauer–
Emmet–Teller (BET) method. Mean pore diameters, total pore vol-
umes, and N2 adsorption/desorption isotherms of the as-prepared
materials were determined by N2-physisorption measurements
using an integrated catalyst analyzer (BEL Japan INC model Bel-
sorp Max); the samples were heated with N2 gas at 200 ◦C for 2 h
before measurements.
Solids in aqueous suspension are generally electrically charged;
this charge is attributed to the presence of diverse superﬁcial func-
tional group types that are responsible for electrostatic attractions
between the adsorbent surface and chemical species (anions or
cations) present in aqueous solutions at different pH values [13].
For instance, functional groups on surface materials are considered
surface active sites which could be determining in adsorption pro-
cesses; therefore, a determination of their surface concentration is
necessary to deduce the amount of sites in an active state in a sam-
ple [14]. Hence, in this case, milliequivalents of hydroxyl groups
(OH−) by gram of solid were determined by the mass titration
method using NaOH and HCl solutions, respectively [15].
Using the fractal analysis approach, the surface irregularities of
mesoporous hydroxyapatites were estimated in a single step ana-
lyzing the N2-adsorption/desorption isotherms at 298 K by plotting
values of the surface fractional multilayer coverage ln(V/Vm) against
relative pressure In[ln(po/p)], where Vm is the molar volume, V is
the N2 gas volume at standard temperature and pressure adsorbed
at equilibrium pressure p and po is the adsorbate saturation pres-
sure [16]. In this case, the respective linear equations were obtained
with a correlation coefﬁcient (R2) close to unity, using the resulting
slopes that take the values (Df − 3)/3, based on Pfeifer’s theory [17]






= Df − 3
3{[ln[ln(po/p)]]}
+  constant (1)
According to Ismail and Pfeifer [18], it is possible establish a
linear correlation between the amount population of surface active
sites (surface functional groups) available at the external surface
of the materials and their fractal dimension (Df), determined from
physical adsorption of nitrogen. Then, experimental fractal analysis
has shown that the degree of surface irregularities can be expressed
by the parameter Df.
3. Results and discussion
3.1. XRD analysis
Fig. 1 shows X-ray diffraction patterns of as-prepared calcium,
strontium, and barium hydroxyapatites via the chemical precip-
itation method. The X-ray diffraction pattern results for calcium
hydroxyapatite (Fig. 1a) revealed the presence of large quantities
of amorphous phase, a non-crystalline structure, which showed
diffraction lines characteristic of calcium hydroxyapatite. This was
conﬁrmed by comparing the obtained data with the JCPDS No.
76-0694 ﬁle in the conventional way. The X-ray diffraction result
J. Vilchis-Granados et al. / Applied Surf









they are constituted only of Ca, Sr, Ba, O, and P elements in suit-
F
ptation method: (a) calcium hydroxyapatite, (b) strontium hydroxyapatite, and (c)
arium hydroxyapatite.
grees with the synthesized amorphous calcium hydroxyapatite
btained by Rhaiti et al. [19]. Fig. 1b shows the reﬂection charac-
eristics for strontium hydroxyapatite; single crystalline phase of
r10(PO4)6(OH)2 was found according to the JCPDS No. 85-0502 ﬁle
20]. Fig. 1c shows a crystalline phase of Ba10(PO4)6(OH)2, which
as compared and identiﬁed with the JCPDS No. 83-0990 ﬁle.
ig. 2. SEM images at 2500x and EDS spectrums of: (a) calcium hydroxyapatite, (b) stronti
recipitation.ace Science 279 (2013) 97– 102 99
Therefore, the identiﬁcation of the calcined alkaline-earth metal
phosphates phases identiﬁed by XRD studies conﬁrms that the
chemical precipitation method can produce calcium, strontium,
and barium hydroxyapatites powders.
3.2. SEM and EDS analysis
Fig. 2 shows the SEM images results at 2500× for the cal-
cium, strontium, and barium hydroxyapatite powders as-prepared.
The sample of calcium hydroxyapatite (Fig. 2a) reveals irregular
agglomerates of amorphous particle, with narrow size distribu-
tion of the grains (50–100 m), the particle surface is smooth and
typical of a not well-crystallized material. The strontium hydroxy-
apatite sample (Fig. 2b) shows particles that are semi-spherical,
appearing ﬁbrous, smooth, transparent and non-homogenous with
particle sizes between 5 and 10 m and with low porosity.
The obtained barium hydroxyapatite sample (Fig. 2c) presents
square, irregular, smooth, and thin particles with approximate sizes
between 3 and 14 m.  In general, all obtained micrographs of
the compounds under consideration exhibits powders with very
low or non-porous morphology with comparatively less varia-
tion.
EDS analysis results of the as-prepared materials showed thatable atomic proportions. Furthermore, no impurities were detected
that would be attributable to contamination of chemical precur-
sors. The experimental results are in good agreement with the
um hydroxyapatite, and (c) barium hydroxyapatites samples prepared via chemical








































BET speciﬁc surface area, total pore volume and mean pore diameter values of
alkaline-earth hydroxyapatites samples.
Sample SBET (m2/g) Vtp (cm3/g) DP (nm)
Calcium hydroxyapatite 84.14 ± 4.2 0.67 ± 0.03 31.64 ± 1.4
f
1.18 ± 0.06 for strontium hydroxyapatite and 2.33 ± 0.11 for barium
hydroxyapatite, respectively. This indicates, theoretically, that the
surface geometry of these materials tends to be smooth for the ﬁrstFig. 3. FTIR spectrums of alkaline-earth hydroxyapatites samples.
heoretical chemical composition stoichiometric values of alkaline-
arth hydroxyapatites [21].
.3. FTIR analysis
Fig. 3 shows the FTIR spectrum of the as-prepared alkaline-earth
ydroxyapatite powders synthesized via chemical precipita-
ion. The prominent features in the spectrum of alkaline-earth
ydroxyapatites are sharp and strong bands at the regions of
00–1700 cm−1 and 3400 cm−1 respectively. The FTIR spectrum
f calcium hydroxyapatite (Fig. 3a) exhibits vibration bands at
633 cm−1 and 1333 cm−1 that suggest the presence of hydroxyl
roups (OH−), attributed speciﬁcally to the stretching vibration
f surface-adsorbed H2O molecules. It also shows a band at
037–566 cm−1, attributed to the vibration bands of phosphate
roup (PO4)3− that corresponds to calcium hydroxyapatite [22]. The
TRI spectrum of strontium hydroxyapatite (Fig. 3b) also exhibits
haracteristic broad bands at 1332 cm−1 and 1633 cm−1, typically
ssigned to the bending vibration of hydroxyl groups; a FTIR spec-
rum deconvolution shows bands at 1102–568 cm−1, attributed to
hosphate group (PO4)3− vibration that corresponds to the struc-
ure of strontium hydroxyapatite, according to Zhanglei et al. [23].
he FTIR spectrum for barium hydroxyapatite (Fig. 3c) shows a band
entered at 3443 cm−1, which was due to the bending and vibration
f hydroxyl groups attributed to material humidity; another broad
and is observed at 1633 cm−1, also attributed to the vibration of
H−, indicating the presence of more surface hydroxyl groups on
he material. The vibrations bands at 1119–557 cm−1 were identi-
ed as phosphate groups. The FTIR spectra (Fig. 3) clearly showed
he presence of water, phosphate, and hydroxyl groups in all the
s-prepared alkaline-earth hydroxyapatite powders.
.4. N2-physisorption measurements
The BET speciﬁc surface areas, total pore volumes, and mean
ore diameters results for the synthesized alkaline-earth hydrox-
apatites samples are shown in Table 1. The results show that
alcium hydroxyapatite has the greater BET speciﬁc surface area
84.14 ± 4.2 m2/g) in comparison with strontium and barium
ydroxyapatites. In addition, based on the observations by SEM, the
esults show the materials have mean pore diameters in the range
f 8.92 ± 0.34–31.64 ± 1.4 nm,  these values are usually associ-
ted with mesoporous materials (2 nm < size < 50 nm). The calcium
ydroxyapatite presents a structure lightly porous in comparisonStrontium hydroxyapatite 1.38 ± 0.05 0.005 ± 0.0002 16.53 ± 0.80
Barium hydroxyapatite 0.52 ± 0.02 0.001 ± 0.0001 8.92 ± 0.34
with the other hydroxyapatites studied apparently non-porous.
The SEM results are of particular interest for the preparation of
materials in various morphologies because the pores distribution
and sizes are important properties that can increase the adsorp-
tion capacity, as already reported in the literature [2]. Therefore,
the results indicate the obtained materials had notably different
textures, which indicates the textural characteristics do not depend
exclusively on the synthesis method used; therefore, that is not the
only parameter to take into account.
N2 adsorption–desorption isotherms for alkaline-earth hydrox-
yapatites powders are presented in Fig. 4. All their shape indicate
that the pore structures of the materials are approximately type
II isotherms, according to the International Union of Pure and
Applied Chemistry (IUPAC) classiﬁcation; this is characteristic of
non-porous solids or macroporous materials, if the adsorption
isotherm shape is Type I, II or IV, adsorption can be used to separate
the adsorbate from the carrier gas. If it is Type III or V, adsorp-
tion will probably not be economical for the separation. Although,
isotherms are indicative of the efﬁciency of an adsorbent for a par-
ticular adsorbate removal [24]. This result agrees with the smooth
morphology for these materials observed by SEM studies.
3.5. Surface fractal dimension analysis
In all cases, plots of N2-adsorption data according to Eq. (1)
exhibited linear values (Fig. 5); thus, surface fractal dimension anal-
ysis was valid in the range −3.4 < ln[ln(po/p)] < −1.0. The correlation
between the experimental data and the straight line from Fig. 5, is
given by the obtained determination coefﬁcient (R2) values from
99.86 to 99.99, respectively. When the surface fractal dimensions of
synthesized materials were obtained from the slopes of the straight
line section of N2 adsorption–desorption isotherm data (Fig. 5),
the found D values were 0.77 ± 0.04 for calcium hydroxyapatite,Fig. 4. N2 adsorption–desorption isotherms of alkaline-earth hydroxyapatites sam-
ples synthesized by precipitation method.






































Sig. 5. ln(V/Vm) versus ln[ln(po/p)] to determine the surface fractal dimension of:
a)  calcium hydroxyapatite, (b) strontium hydroxyapatite, and (c) barium hydroxy-
patite samples.
wo materials. Barium hydroxyapatite has the largest surface frac-
al dimension, shows irregular surfaces. These dimension fractal
esults indicate that the barium hydroxyapatite sample shows good
ractal properties at a molecular scale in comparison with the other
s-prepared samples. It is important to note that the as-prepared
aterials were apparently non-porous as described above (Sec-
ion 3.2) and that the derived fractal dimensions quantiﬁed were
ue to the multilayer N2 adsorption of the surface material at
tandard temperature and pressure (STP) throughout the pore net-
ork of solids, according to N2-adsorption/desorption theory for
as adsorption on solid substrates [25]. Thus at relatively large
ean pore diameters, the powder samples examined here in SEM
icrographs, which were all mesoporous (2 nm < size < 50 nm), the
ractal dimension decreases, leading to type II isotherms. Indeed,
ifferences in Df values could appear to reﬂect intrinsic differences
etween the solids due to their nature and structure more than
hanges due to sample preparation [26]. Therefore, the obtained
esults show that all the solids studied exhibit surface irregulari-
ies at atomic scales and their Df values show the strength of their
ctive surface sites.
.6. Surface hydroxyl group content
The surface hydroxyl group content of the synthesized alkaline-
arth hydroxyapatites samples are shown in Table 2. As a result, the
arium hydroxyapatite presents a larger surface hydroxyl group
ontent of 0.98 ± 0.05 mequiv. OH−/g in comparison with the oth-
rs studied alkaline-earth hydroxyapatites samples, this value will
avor the optimum ion exchange removal of cationic pollutants
resent in aqueous solution, which determine the extent to which
ontaminant presents in aqueous solution are bonded to the sur-
ace as active sites that are able to remove pollutants from water,
ccording to Granados-Correa and Jiménez-Becerril [14].To explore the correlation of the surface hydroxyl groups
mounts with the fractal dimension values obtained for the three
s-prepared compounds, we plotted the dimension fractal values
gainst the surface hydroxyl group content, and a linear correlation
able 2
urface hydroxyl group content of alkaline-earth hydroxyapatites samples.
Sample Surface hydroxyl group (mequiv./g)
Calcium hydroxyapatite 0.54 ± 0.01
Strontium hydroxyapatite 0.62 ± 0.03
Barium hydroxyapatite 0.98 ± 0.05Fig. 6. Correlation of surface hydroxyl group content in surface fractal dimensions.
between these parameters was  found, with an determination coef-
ﬁcient of R2 = 0.99, as shown in Fig. 6. This behavior indicates that a
low/high population of surface active sites often linearly correlates
with a low/high surface fractal dimension [18].
4. Conclusions
Our results indicate that were successfully synthesized alkaline-
earth hydroxyapatites by the chemical precipitation method;
mesoporous materials were obtained with different textural char-
acteristics. Synthesized calcium hydroxyapatite exhibited better
textural properties than synthesized strontium and barium hydrox-
yapatites for adsorbent purposes. The surface fractal dimensions
results of the prepared samples indicated smooth surfaces; how-
ever barium hydroxyapatite exhibited an irregular surface. The
differences in textural characteristics appear to reﬂect intrinsic
differences among the solids more than changes due to sample
preparation. We  found a linear correlation between the surface
fractal dimensions and surface hydroxyl group content, indicating
that a low population of active sites across the adsorbent surface
often linearly correlates with a low surface fractal dimension.
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